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RECOMBI_{ATIO:II IN NITROG_._, AIR, AK]I ARGON

:i_yPerry W. Kuhns

SUMMARY

Measurements of ele,_tr m-density decay after an ionizing pulse .;ere

made_ and electron-ion reco]_bination coefficients _sere calculated from

these values. Measurements were also masie to sho_.- the effect of "_he in-

troduction of wader vapor o_ the reco_oination in air.

Data are given on the :hange in electron _len_ity with pressure of

an abhor'real glow dischar_{e.

The theory of the prop,'<gation of an electrom<,gnetic wave throngh a

plasma is given along with ;he equations for usin<: a micro-_.,_aveJnterfer-

ometer. Some of the practi_;al considerations in _ _ing the microwave in-

terferometer are presented.

INTRODUCTION

In the past few yeai:'s :,here has been a consicTerable increase in in-

terest in the effect of fro(: electrons on the tra_:_smission character:istics

of electromagnetic waves. This new interest has two reasons: first, the

communication "blackout" cf missiles due to the "Tlasma sheath" on reentry

and to the ionization in the rocket exhaust during:' launch (refs. i to :$)

and, second, the use of [;he transmission characteristics as a tool in the

measurement of electron de1_ities and temperatures of plasmas in ±',tsion

and electrical propulsion research (refs. 4 to V).

The work reported i_L tl,is paper was done primarily to study the mech-

anism of electron loss i_ plasmas, to study the problems of measuring

electron densities by the microwave interferomete_, method, and to extend

electron-ion i'ecombinatJon data to one decade lower in press_re. The re-

suits will be applicable maJ nly to measurements of plasmas obtained for

electrical propulsion and communication loss studies.



The work reported in this paper consists of measurementsof electron
densities in a low-frequency_ high-voltage discharge in the pressure
range 0.04 to 0._ millimeter of mercury and electron-ion recombination
rate measurementson nitrogen, air_ and argon in the range 0.3 to 7.0
millimeters of mercury. Somedata are also given on the effect of water
vapor on electron-ion recombination of air.

The first propagation studies of electromagnetic waves through an
ionized gas were concerned with the reflection and cross-modulation of
long radio waves by the ionosphere. Since then, full theoretical treat-
ment of the propagation of electromagnetic waves through an ionized me-
dium and the effect of ionization on electrical conductivity at high fre-
quencies has been given in manytexts (refs. $ to ii) and published re-
ports (refs. 12 to 16). A review of research on ionized media, including
work with microwaves_ maybe found in reference 17. Surveys of plasma
studies by meansof microwavesmaybe found in references iS and 19; these
references contain bibliographies of work done up to approximately 195S
and 1960, respectively. Reference 20 is an earlier report of about the
samescope.

There are four primary methods by which the transmission character-
istics of an ionized mediummaybe studied.

The first method uses the free-space attenuation of an electromag-
netic wave (refs. 21 to 24). This method is usually used in a mediumat
pressures above 20 millimeters of mercury. The gas is seededwith some
easily ionized material such as an alkali salt_ and there is a high
enough collision rate between electrons and other particles to dissipate
the microwave energy.

The secondmethod uses the change in resonant frequency and band
width of a tuned cavity or waveguide structure (refs. 25 to 30). This
method is usually used on small confined discharges and ones with fairly
high collision rates.

The third method uses cross-modulation_ in which a small signal will
experience an attenuation because of a large signal's changing the
electron-collision frequency of the ionized medium(refs. 31 and 32).
Again_ fairly high collision rates are found.

The fourth method_the method used in this report (fig. i), uses
the change in the wavelength of the microwaves in the mediumdue to the
presence of free electrons. This method usually uses a microwave inter-
ferometer for the measurement (refs. S, 6_ and 33 to 38)_ the electron-
collision frequency is kept low so that there is no attenuation.

With this method a larger confining space can be used, and electron-
density and electron-ion-recombination-coefficient measurementsmaybe
extended to lower pressures than whenthe cavity method is used.
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THEORY

Ele ctromagnet ic Wave Propagati on

The theory for the propagation of a plane electromagnetic wave in a

homogeneous, weakly ionized medium has been treatc_ in many texts and

reports (refs. 8 to 14, _nd 23). No attempt will be made here to develop

the theory fully.

The differential equet::on for a plane wave propagating in the z-

direction in an unbounded plasma is

_2E %2E _E

_)zZ _t 2 _-_

(All the symbols are defined in the appendix.) in developing equations 3

the rationalized MKS system is used. However, final equations may also

be shown in other more practical units. When this is done_ the units to

be used are denoted by subscript on the appropriate symbol.

If the wave is harmonic, them the solution tc equation (i) is given

by

E : Eo exp(j_t - j_z _z) (2)

In e£uation (2), exp (-jBz) is the equation of a w_ve in space and can

be written as exp (2;z/>); thus, the wavelength _ is given by

h : 2_/_; where _ is a phase constant. The part exp (-_z) is an

attenuation in space; _ [s then an attenuation coefficient.

The equation for the motion of an electron in an electric field that

is polarized in the y direction is

md2y + m_c dy_ ' exp(j_t) (4)
tit----_ _-_- e Eo

In this equation_ _% is a damping term that is equal to the collision

frequency between electrons and atoms or ions and .viii be assumed to be

a constant. The solution is given by

i je ,

Y - _c + J_ _ E° exp(j_t) (5)



T]_e current density is given by

_ ne _ E
J= ne_- (G)

or; since J : cE_

9

n e--_
m

C : (/)

£b C + j Lt2:

If it is assumed ti_at both £ _nd pt are unaffected by the free elec-

trons, then substitutJoT_ of (T) into (5) gives the foilowing solutions

for _. and _ :

-: + + \_,,,(_i- _)) (8)

._ + i + %(1 - _-'7 (s)

where

The quantity _c_ J s the "plasma frequency" and is given by

neZ ._ S.l_><±09ncc (ii)
L_ -- m6

In most work the number of collisions is small compared with the fre-

quency of radiation (_c<< _). k_en this is true, and if _ < I_ equations

(9) and (i0) may be simplified to(8), , ,

(9a)

8

!

c_
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Two %h-n!_s ::;_N_ :_o,.; e , eez_. Fiz'sl}_ -_..:}:e!i :_c "-<< i. _ep_} :,_ : i .

_:ii,u O ',:z' i'o s_I_C, sikt]:• io i U_i ,i_ :i,t) _' (, ; L]_eil _ ] ::<b:P_:k<;x :_::r;:L i' :;:' 1ii" ':£', -

w',_,,-e rreciueiiciek (,:N:t%o['t'] . _%e :,::)T_i_ ;_:, . _e ;_um <}r _:_J._ c. C"!roJL " : _: ]i::_r:" q',

]] -.
(:i:)

i• eci;i_t ], (9)

It! _ zq'c±'c_:__e%er ]Ll,Lu'_ i: ['::]I

TO rr_e_!_sblr,,_ the chRn::e IN tho illd.,,_> o£ ref_:t_.: [',b_L_ i_ ink, rikil-,smceL± •

z_: used. The interforom: (,_ ' is s_t _Lp _s s__loR:]] :.: L}lc :s<:hcm:-,%ic ,] [N_KrI!IYi

of £i6ure 1; PA_ P[I_ and P ___r',_' t',qc po_a_r in e_<.: _rm _PI: the pL_:<m:

a, rm) and %he power due t;: U'a_nsm!3sio]] %hrou, R_-_ 1% ]_ a_rms. 'i_ho ou,pRi :_L'

the detector_ u. crjst_._l l]_]u_ [s prc, por!_ion:_] !_) ;31_c' p,-_-,.ser. '2}Rz_ _]_r_ _

y_%rin,bles tire mes.surod: PE, P[,:_ :tlh{9 P. Wit, hoR[ :s12,_ pir]sm_ }"!_,:, _n(]

i°2_o _re se%_ r_,.gd %i_c pi'._s _ _,n6l._s between L}/em ] v rLirl,_d to o% tSih INi__

desired &)o 8n<[ Po :

P) E: ',

_ll , o E L

:_':'S I_ - =
L,

]PC!

P
_Q

'_i _ -'

(J)

(J-_)
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When there is a plasma_ the wavelength of the microwaves becomes

longer in the plasma:

E1

P P2 P2

P1 1 + 2 cos 0 + P1 (l_a) m

In equations (15) and (I_), Po is now P, and so forth. The quantity

that is usually determined is the phase shift Z_9. The equation for

@ can be written in terms of Qo and A@:

or_ since

cos _ = cos (9o + Ae) = cos [_o + 7, _p _ac

-- _ (-F-z-Y-_) 2_
_p

-,/f- _-- 1 + %ae _ (J6)
2_ 7.

or; when a_c << m_ and _ << i_

{Aedeg_
ncc 07m09fee /

If there is attenuation due to collisions and if _c/_ < i_ then

(17)

mc _ 28.7 ZXP

_deg P2,o

ncc -= 2.07xlOgfGc \ 7,cm #' +

The power P as a function of the phase difference

in figure 5 for different values of P2/PI.

(is)

(19)

is shown
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Mechanism of Loss of Free Electrons

There is an extensive _ount of literature d£aling with the mecha-

nism of electron loss in gases and its application to discharges. For

this reason_ no detailed analysis is given here. Instead_ the reader is

referred to references $9 t_ 4S.

The rate of electron Aoss in an electrically neutral ionized gas is

given by

_n
: DaV2n - CRn2 -gmcn (£o)

where

Da_n

CR n2

loss due to ambipolar diffusion to_ and recombination at, the

walls of the container

loss due to electrcn-ion recombination eifher by three-body
and dissociative or radiative collision

_JOc n loss due to electron - neutral particle a_tachment at higher

pressures_ due mostly to the presence o_ impurities

Three simple solutions to this equation are c f interest here:

(i) The solution when diffusion loss is predcminant. The solution

is a function of the geometry of the container for the lowest diffusion

mode in a circular cylinder:

_,h f8. 405r4
n = no exp(-t/ ) (zl)

where

Da_ \ R /
(22)

By plotting the logarit_m of n against t_ the value of • and

(from eq. (25)) the diffusicn coefncient na ma_' be found. Since the

diffusion coefficient is proportionaAoto the m_an free path and the mean

velocity_ the coefficient Da _ i T5/_ (refs. $9 _nd 47) at low pres-
sures.

(2) The solution when electron-ion recombinstion is predominant.

This solution is independ(N;t of _eometry:

L ! =
K - no CR(t - to) (ss)



By p]ottinc 1/n against t_ the value of CR may be obtained. If

tle recombination coefficient CR is proportional to the collision cross

section for e!ectron-ion collisions_ CR is proportional to (p)i/2 for

Nr_ and proportional to p for rare gases (ref. 41). If the recombina-

tion is of the three-body t_qoe_ t]_en CR is proportional to p at ow

pressures (refs. 39 and 41).

(S) The solution when both electron-ion recombination and attacKment

to impurities sre equally importsnt. In this case_ _c = KNm and the

soJution becomes:

l i : cR(t _ to) oR no/n 0

wi_en a small amount of impurity is present. If the attachment to the

im],!_rity is strong; (6 iarge)_ then the additional terms cannot be ne_-

_e_ted. _,S_en this happens_ it is necessary to obtain plots of i/n

aN_a[nst t at different values of the initial electron density in order

to separate the two processes of electron loss.

Other solutions in which any two of the precediug processes are

prese_t _re given in reference 41. The effects on the transmission char-

_cteristics of electromagnetic wav-es of an ionized gas as the _-as goes

from a l_omoseneous f:as (independent of r) to a diffusion-loss-dominated

<_s r = f(r) after a discharge is given in reference _{8.

I

oo

PRACTICAL CONSIDERATIONS

Frequency To Bu Used

T]_e maximum electron density that can be measured is theoretically

!_iverl },j (,he cutoff frequency_

(ncc _'max _ _l.2xlolOf_e (25)

Tile •mo_.,er limit _ s given by the h " _'÷,__ _ ael±±_j to detect a small phase-angle

cleavage. By settin(_ the p]lase angie so that one is on the steep part of

the curve in _ gu_'e 4 and by making P2/PI > ]_ a minimum angle of about

._ oan be accurately detected_ or

101Of Go

_,ncc/min %cm



...... _ })e _tham{<ed b',: t_ p]<_c_ence of mr_gnetic fieidsThe_c .i.imits can_ of uo_ .... _ _ _ _

or l_y collisions.

cO

rq
I

C< _Illision Frequencies

Absorption of tke min'owave benin by the p_L_,_ma on J4: becomes :_ppreci-

ab±e near cutoff oz' when <%/e _- k; this can t e _£n in fig_'e 2. Aiso_

it is seem ths%_ wien 0tic/<:,_ ]_ the index of re::raction of the pJanm8

stay:: close to i. The _el:]u_ is then n_Lsorptive. T}_e ener_,% _ the e!ec-

troni olotain from t]_e e Le_.romasnetic w_ve is di_ _:ipated in collisions

wit]_ atorils or ions. _P>:'n his i_; true_ the medi< _k of measurement i=_ usu-

_lly by the attenuatiop_ ol _ a microwave i)earn_ or { <>rrections must be made

to formui_}s to _lllow for c_llisiolls (e,ds. (=S) [N rk (19)).

To estimate ccllis[oik: between electrons _N_0 _toms (molecules)_ the

classic'J,i h&rd-sphere form_la ma./ be used (refs. ,L4 and 4b) in tI_e low-

temperature rsn_se (T e _ 0.i ev).

ec ::<V Qe m .....SxloTd mNcc-_ _; (27)

dcm s_ SXIO -8 cm

The _uantity T e is in e<_ and Ncc is in :c -j Since in the present

work e: N SKLO 10 to make o%/c_ _" !/8, N must equal 1018 or approxima%e!y

0.1 atmosphere pressure. ,}sing eiectron-collisi: n cross sections at low

energy (ref. S_!) or the more complex method of H_rgenau (ref. 1Z)_ approx-

imatei_r the same answer is obtained for weakly i<nized _ases. Thus_

electron-s tom collisions m_y be neglected at roo_ temperature. For hisher

energy (T e > 0.1 ev) the p_zblished data on elec%_'on-collision cross sec-

tions should be used_ and :are should %e taken t<_ differentiate between

the cross sections for ,unergy transfer and for m<,nentum transfer (refs. S!)

and 41).

To calculate electron-ion collision rates_ (ither of the two formulas

(isa) or (29b) is applicable for a weakly ionize< gas where the ions are

singly ionized:

N i
1.OSXI 0 -_ _ 20610

COo Tio/

2 .bJX)(7:T e

_]_/i::
FI

(28a)

frefs. 4b and 4(3)

=C Ni J •<!Ox olOTe

c% _ ,._i,xlO 5_ =og 1/2 (_8b)
T i n

(ref. d / ) .
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Two other formulas for the collision frequency may be found in ref-

eremites 48 and a_9. The magnitude of the theoretical value of _c de-
pends greatly on the assumption as to what constitutes a collision. Tb_e

two formulas just given check well with data siren in reference 47.

Values given by the formulas in reference 49 are about three times higher

and that of reference 48 is i0 times lower than that of equation (ZSa) or
(2r b).

Again, for ions to make _c/e _ 1/2,

N i _ 1.2><1014 at T = 0.2 ev

which is beyond the cutoff frequency density of the present interferometer

if n _ N i.

b_uen e'c//@_' << i_ the interferometer method is used and the e_ua-

tions presented for it are used. In this type of medium the wavelength

is iarcer than that in free space; and refraction, reflection, and scat-
terin_ _"_o.<_e place hut no absorption.

b_
I

Oq
Co

Existence of Thermal Equilibrium

While the collision frequency between electrons and molecules is

given by @c, the fraction of energy exchanged with each collision is of

the order of m/M. Thus, the time for a Maxwellian electron gas at one

temIJerature to reach the temperature of a Maxwellian distribution of

molecules is given by the differential equation

m (29)m (Te - %)dt -Cec__

wi_ere the additional effect of the electron temperature on the collision

frequency is included. This equation may be solved in parts to obtain the

curves of (Te - T_) against tp given for nitrogen in figure 4. Since

the dependence of CR on temperature has been found to be proportional

to T0"9 (ref. S0), a correction can be made to data obtained at short

times. As can be seem from figure 4_ the temperature difference becomes

small and can be neglected for values of tp > 60 {_sec)(mm Hg).

A il the preceding presupposes that both the electron and molecule

energy distributions are Maxwellian. This my not necessarily be true;
indeed_ in low electron-density gases the collision rate between electrons

is of t!_e order of the colJision rate between electrons and ions. In

such cases_ the electrons that first recombine will be those of low ener-

gy; with the higher energy electrons possibly exciting molecules upon

co]iision sufficiently to cause additional ionization. A more detailed

discussion of this problem may be found in references 49 and _i.
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The considerations so far discussed are of a general nature and de-
pend on the type of disc,]_argeto be studied. There are other consider-
ations that dependmore on the construction and dimensions of the
physical apparatus.

cO
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Inhomogeneity of the Plasm_

The theory so far developed is for a plane wave in a homogeneous

plane plasma. If the wave_ and plasma are plane but the plasma varies

along the path iength_ the_ the phase change is an integral along the

path:

A_ _ 2_ dZ = _vac - dz (30)

For small values of Z_0/Z the electron density Js an average over the

length. This integral has been evaluated in reference SS. For a cylin-

drical confining chamber_ I'_av is e_ual to 0.6! _imes the center value
of n for the lowest diff_sion mode.

If the wavelength and dimensions are such tLat a diverging beam

through an inhomogeneous cylinder must be considered; the problem is

<uite complex. If there are sufficient collisioI_s so that _c/_ _ i_

the medium is not refractive but absorptive; and_ again_ straight inte-

gration can be used if it is assumed that the be_,m shape is not changed

passing through the medium. Some evaluations of this type of inhomogene-

ity may be found in reference 2S.

Beam Size and Path Length

The size of the beam depends on the radiator used. If lenses are

used that focus through windows_ the minimum beam width is approximately

_. If only horns are used, the beam sampling wictth will be approximately

the horn dimensions. _en a cylindrical container is used; care must be

taken that the main power Lobe from the horn or Jens does not strike the

container side walls.

To avoid standing waw_s_ the path length should be at least S wave-

lengths and the separation between horns and len_es at least five times

their dimensions. The values given are the minilml values_ and errors

will still be introduced. Error can be reduced l)y making measurements

at a number of power setti_gs; phase angles_ frequencies; and at differ-

ent tuning.
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Power Loss Due To Reflectiorls and S%_ndil_ Waves

%_e equations developed J a,',,rebeen for a wave in an unbounded mediu_.

This_ of oourse_ _s never true. Boundaries %o the plasma will produce

ref'iec_iorts from the plasma and standing waves in it. The formulas for

efrects of reflections from the boundaries and standinf{ waves are given

in refere!<ces 8 and 14_ from w}iic]] the magnitude of suc}_ eff<_cts may be

c mi[.RL ated.

It is usual±y necessary to coilfine t]ie plasma region physicaiiy in

a co_t_-ner nnd provide windows for t!_e passage of the miL.rowave_> into

<_}Le p±asma. If the p]_sma is sue] ti_at there is a disco_timlity _It the

wi_do_<_ t]_e reflections from ti_e wi!ido_,_, wii± change with pJasma den,sitj.

T]lis efSe_,_._ can be minimized ]}y usL_g hail-wave windo<,s or_ when this

c_-:m_os be do_e; by placing a ferrite isolator in the sending arm of %he

interferomeLer or by keeping t]_e plasma away from the windows by nmgnetic

fields_ and so fort}!.

If the container is large compared with the radiation waveiengt]_ and

the p]_:_sma density is limited by ._iffusion to the wails; the discontinu-

ity will not be present.

If ti_e horns; £ettses_ or windows _re so close t]_at sb__ndiug w};_ves

are set up between <i_em_ another effect takes place. As the density of'

% e t _si_a c]a>,i_es_ t e _ur.ber _>f standing waves in the p_L_sms ciianses.

As a resu! t %he received power i_as a sinusoidal variatioN; this variation

may even be used as a crude measure of electron density. This effect may

be lessened by careful tunin S and the use of high transmission windows.

However_ usuaiiy the result will be to lower the maxilnum measur-±ble de_l-

<_ty below t]_e cutoff dens:ity (eq. (ES)).

_J

Go

p.

EXPER IHE_YfAL METHODS

Apparatus

A s.'.)_ematic diagram of the microwave interferometer apparatus is

Jho,.,p. in f_gure l.

Ti!e frequencies used in t]:e measurements were X-band (9 Go) and K-

band (L_ Gc). The average electron densities measured varied from 2XiO t

to iO li cc -I with g Gc, and from i0 lO to S×lO II cc -I with 2_ Gc. The

lower limit of electron density was determined by the sensitivity of the

s.ystem to mea.<:ure small phrase-angle chan_es. The upper limit was set by

s[;_ndil_g ,,_,,'e_ in t_e cont'_Li_:er_ especially l'o_" X-band me_surements.

Tl_e power ratios of tie ptlmse <'_ngle between the two arms w_r,_ set ]n

tile l'e !io1_ so _o_rked is] i'll<tire k_.
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The ionized _s w_L< _xnfii'Led i_k:i<Ic _ _it-eel i Jmeter-di_m_ete_' P_<:_ex

tube '_@p±'oxlm::te_y i00 :_ei_ imeters ]o_. Ttle _; pressure varlet: i':_'om

0.0d to /.0 mi]ih_eters of mercury. The mi::ro:/,/_o mea, sRremel_t_ ,ere rmide

either throu61i the wa.ll_ o-' %lie l_sTex t_tbe or t!n,'._u6k Lucite winccu3 in

from l[i to 20 cen%imeb<_:s. In n<) case was t],e p<<,'er of the mc_J_rL _-

ra'_ia_tion stro_:_i eliou_s]} <O ai'fec< %l_e <l£schsrse. T]:,ree gases we_'e kisee:

Nitro_<en_ uir_ _}ond _Ari0o_.

T<._ci_iques

Two %@,ci_rki.quec, wet _:ed tc inldze %i_e i/'_:

(i) lonizatio_ by -_.-; :_bn:sri_m£ £io:,_ di::cl_:_rl ,_: D:_ta were o])tx_i_ed

usi_. S _ 30-cycie-per-<ecc,_{_ di;'_<'ll'Jr[Te between tw< cooled[ _'opper e]_ec%rc)des

o£ _qsproximate]y /-cecil,line er _lPm_o%er :;epar_A:3ed [ I__ :_toprox[_:_te]2/ "0 cen-

timeters. For tills exp rimen_6 the voi%:,_6e bet<e<]_ electrodes wss m<_i]_-

tailpd <_t u 6S00-volt _a]<. Th, root mes.n squ'.Ar, cuz"r_.nt oY th<, disc}mrs,,

_] _ <l ;]]' _ <_,lr] l '] [ ]: ik]]L('tiol_ <:'i' [ e _,l-_ssur@ [}l fb:ure . . T]lis distiller,R% _,.;:_s

_ii.[]'J'_'Lo_o_:"r_a'omblna_t[}i_ co_t:t,,i_led_ <]epe])<Jin[< ,':,nt[_e pre_ :ure. _]_e

For %]_e nlerRslirei£e]_ A' elecl3i'Oll (le! s:[!)j/ t}ie N_ii..roT,2:_ve pokier wss

_;,iu_re-',,s'_rc mo(_ul_ted _ : _}}'roxi,'RRte]b; ',;00 c,'{_ ; _er se _o]_<i_ a ild [3he

e±ectron %emperstRre_ :_ ;m;N_l correction v%:%<[_S Ib'om i be i0 percent was

xlnde to the X-bsJ-ld. (i,%%}ik,!>:t_£tlSet]]e coliisio_s rai ___approached the r_Hii-

{IjL 0% .

A c]Jeck o_ the me:_ur_d electron densitjf }Y _litrocen va_s ma, de i_ %];e

followin S m,'/m_,i_r. By Lilt<_r{_,,tin_!_ Jo(kl.dOb r/R) o±' equa_tio_ (k J), _ l_e -

]atio_ between tl_e pea.% cR:_.ren% "_.nd the me,_,sured electron den:_it_ n

,,#as ob%ai_ed; ip<_d _ :x 2.2 ,_Vd:l. The peak curren_ is ol',t_in<,d fr,om the
root Ele_212 s_£\l,'.Xl'e me,_silz_, d _%ll_]_ei\t from osciilosc(,pe %rotes of electron

de'.u_itj/ wi_,!! time. _]_e oul_TeLlb Ls proportional ',,o voltage times eiectron

den_ itj. Wi:e t r'_ce cur _, i:_ mul_ipiied by the i_,s%antaneous voJt_£ce _

_:,!u;_,re(t_ '_us<_ il_tei]r%%ed J,s oi)!x_Jil _ rs_%io o£ ir]:_ s to ipeak. Usin 6

%}]0 vt ille o£ %d l'ou[ld iL_ rekfercnce $9 for nitr,_en _t "_ _:iven voltade

and t} o ,-r ,-u£s_ted Jpe_l._ t}_e electron density 'ix_,sea_kcui_ted.

Aii me_-,uremer:ts <_' e:e]o]c ] density were m::_le in %he positive coJ_-

umn o]' t}_e d:[;: 4_._kr_i':e.

(_]) IonJzrti0_ b{,/7u£: od rs_dc_r: D(<ta, on ei_{]tron-ion recom]:_:iq_tion

coe t'fi,::L,ients were oi)t:_]:_e_l i:y me_suri_7 t]'.e £ecr< of electron densiSy

_ftez" ',N_ S-%and (SGc) Ic,_]s,_ of i-megaw_'_tt peal',_p<r,,;er_ i'_iO puJ.ses per
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second_ and l-microsecond pulse width had ionized the gas. Data were

taken in the pressure range 0.3 to 7.0 millimeters of mercury. The elec-

tron temperature for this type of discharge is low (approx. 0.03 ev)
(rers. S/ and 68).

For these measurements unmodulated microwave power was used_ the

crystal output was displayed on an oscilloscope with a total time for a

trace varying from 2S to 500 microseconds, and the data were reduced from

photographs of the screen. Most of the data were taken with K-band be-

cause of the high electron densities, and no correction was made for elec-
tron collisions.

It was found with nitrogen that 3 when data taken with X- and K-band

disagreed at high pressures or at high power input_ the discharge no

longer looked homogeneous when sighted along the cylindrical axis. This

lack of visual homogeneity was used then with nitrogen and the other gas

to deter_line when data should not be taken because of high power or pres-

sure. A homogeneous discharge could not be obtained for nitrogen or air

at pressures above l.g millimeters of mercury_ and above 7.0 millimeters

of mercury for argon.

1

Go

RESULTS

Steady-State Data

Shown in figure 6 are the measured average electron densities at

peak voltage for X- and K-band measurements of the three gases as a func-

tion of the gas pressure. As was expected, below approximately 0.2 milli-

meter the discharge is diffusion-controlled (n _ p), while above that

pressure the discharge is recombination-controlled (n _ i/p). A check on

the measured densities of electrons in nitrogen was made at two pressures

using the method outlined before. The two calculated points are shown

in figure 6(a). In the region where the discharge is truly a glow dis-

charge (0.08S mm)_ the measured and calculated values agree closely. In

the region of abnormal glow there is a large discrepancy; which is prob-

ably due to the fact that in the abnormal glow the cathode fall is much

larger; t!ms, the voltage drop across the positive column is smaller.

This in turn would lower the drift velocity vd and thus increase the
electron density.

The disagreement between X- and K-band data at higher electron den-

sities is due to the effect of increased scattering and detuning.
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Time-Dependent Data

Data were taken on three gases; nitrogen; aJr, and argon; to obtain

the electron-ion recombina_:ion coefficient (CR; eq. (24)).

Nitrogen. Measurements were made in the pressure range O.lb to 1.6

millimeters of mercury. The values of CR obtained from these measure-

ments are shown in figure _(a) as a function of Jhe pressure in the cham-

ber. Also shovnu are values of CR for higher pressures obtained[ by
Biondi and Brown (ref. 80) using the cavity meth<d of electron-density

measurement.

The gas used for thes<_ measurements was obt_ ined from bottles that

are filled by passing liquid nitrogen through a l_eat exchanger; and is

reported to be 99.99 percent pure. From the botI±e the gas is passed

through an acetone dry-ice trap and through a ,racuum valve into the

chamber. A small amount of hyd_-ocarbon in the g;_s due to improper out-

gassing of the chamber was found to increase CR by a factor of about 2
to a constant value of i.S to !._i0 -6 in the pressure region measured.

small amount of air leakage was found to lower t}_e value of CR at high

pressures and to make CR directly proportional to the pressure in the

middle and lower pressure regions.

A

While it is felt that the data do exhibit t_le expected dependence

on p_ some of this may still be due to the intr_duction of impurities

due to back-diffusion after the chamber has been purged.

No temperature correction was made to the v;_ues of CR shown; as
either the times were sufficient to assure therm:Ll equilibrium or the

plot of i/n against time did not exhibit any characteristic change due

to temperature. _ort-term data (sweep rate, S _sec/cm) and long-term

data (sweep rate, 20 bsec/cm) agreed to tile extent that it is felt that

electrons undergoing recombination were only thorpe at the lower end of

the energy distribution.

Air. - Measurements were made in the pressure range O.2 to i.O mil-

limeter of mercury. The values of CR obtained are shown in figure 7(b)

plotted as a function of ti_e partial pressure of oxygen.

The gas used in these experiments was either room air or bottled air

passed through an acetone - dry-ice trap. No di?ference was found in

CR because of the difference in gas source. It is seen that the recom-

bination coefficient is about I0 times smaller titan that found for nitro-

gen. Also plotted in figure 7(%) are values of CR for oxygen from ref-

erence SO. The agreement of these data with that of this report for air

suggests that the ionization and recombination ooserved was that of oxy-

gen.
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Argon. - Measurementswere madein the pressure range 0.6 to 7.5
millimeters of mercury. The values of OR obtained are shownin figure
7(°).

The gas used in these experiments was commercial-grade argon at

approximately 99.9-percent purity. Some water vapor was present in the

bottled gas_ as data taken without the trap were some five times higher

than the d_ta s_own. Good agreement was obtained with low-pressure data

of reference $2; and a trend toward the higher pressure data was showm.

The data are not extensive enough to show what the pressure dependence

of CR is; however_ CRoP looks probable.

Effect of Water Vapor on Electron-Ion Recomoination

_e decay of electron density with time for air with various amounts

of water v:_por present as an impurity is shown in figure 8. The water

was introduced into the air by bubbling the dried air through water at

various pressures. _e percentage of water given in figure 8 assumes

that the air was saturated. As can be seen from the figure_ the effect

is very strong_ which ix expected (ref. _S)_ raising the effective CR

by a factor of i0 with the introduction of about 3 percent H£0 by volume.

The ionization potentials of 02 and HE0 are comparable (ref. SS), at 12.5

electron volts_ so that the 0£ is still probably the dominant gas being

ionized_ when only a small percentage of water is in the air_ ho_verj

the collision cross section of H20 is some i0 times larger than that of

any other constituent of air (ref. _l)j so that collisions with the intro-

duction of H20 are more frequent and_ in fact_ are dominant. Also_ such

coilisions may be more effective because of the shape of the H20 molecule.

Another process probably enters into the decay also - that of electron

attaclmlent to the H20 molecule.

b_
!

QJ
Go

SUMMARY OF RESULTS

Electron-density measurements were made of a high-voltage discharge

by means of microwave interferometers at two wavelengths. Good agreement

was shown over the entire range between experimental results at the two

wavelengths] agreement was also obtained with the theory of such dis-

charges at the low-pressure (glow discharge) region. Plots of electron

density against pressure show the transition from diffusion-loss-

controlled discharge to a recombination-controlled discharge.

Measurememts were made of electron-density decay after an ionizing

pulse; from which the electron-ion recombination coefficiemt CR was

calculated. Agreement with previous data using the cavity technique was

good, and the value of CR was extended downward by a factor of S. Com-

parison of air-recombination values with those for o_?_gen suggest that
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the ionization which predominated was that of oxygen. Agreement of argon

data was good in the low-pressure range_ and a pressure trend was shown

that approaches the data at higher pressures taken by means of the cav-

ity method.

Measurements were also made to show the effect of the introduction

of water vapor on the electron-ion recombination of air. A strong effect

was found; reasons are presented for the magnitude of this effect.

Lewis Research Center

National Aeronautics amd Space Administration

Cleveland_ 0hio_ November 6_ i_61



18

c

CR

Da

d

E

e

fGc

g

H

h

i

J

Jo

K

Z

M

In

N

n

P

P

%

APPENDIX - SYMBOLS

velocity of light in a vacuum 3 2.998><108 m/sec

recombination coefficient

ambipolar diffusion coefficient

collision diameter

electric field intensity

E o exp(-j_z - _z)

electronic charge, 1.602><10 -19 coulomb

radiation frequency_ 109 cps

efficiency of attachment to an impurity

tube length

distance along tube length

current

current density

zero-order Bessel function

impurity constant

path length

heavy-particle (atom or molecule) mass

electron mass_ 9.107×i0 -SI kg

heavy-particle density

electron density

power

pressure

electron-collision cross section

#
O3
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R

r

T

t

v

vd

x_y_z

5

E

e

x

G

T

m

co

8]0

%

tube radius

radial distance

temperature_ ev (I ev _ 11,400 ° K)

time

mean velocity

drift velocity

coordinates

attenuation constant

phase constant

permittivity of free space 3 8.85XI0 -12 f,_rad/meter

index of refraction

phase angle

wavelength

permeability of free space_ 1.257XI06 he_rys/meter

conductivity

time constant

radiation frequency, (radians)(see -1)

collision frequenc_

plasma frequency

Subscripts:

e electron

i ion

m impurity



2O

O

P

vac

i

2

NOTE:

initial

plasma

vacuum

unaffected arm of interferometer

plasma arm of interferometer

final

Subscripts are also used to denote dimensions in numerical formulas.
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